Objectives: To measure various dimensions of the upper tarsal plate and the area of upper lid wiper staining. The repeatability of the method of measurement was investigated. Methods: Thirty-five healthy non-contact lens wearers were enrolled. The following parameters were measured from digital images of the upper eyelid captured with a slitlamp camera: length, height, and total area of the tarsal plate and area of lid wiper staining (lissamine green). Measurements were performed in a randomized and masked fashion on two separate occasions by the same investigator using ImageJ (National Institutes of Health). Coefficients of repeatability (COR) were calculated. Results: The dimensions (mean6SD) of the tarsal plate were 20.661.9 mm length, 7.960.8 mm height, and 103.3618.8 mm 2 total area. The area of lid wiper staining was 2.762.0 mm 2 . No association was found between tarsal dimensions and lid wiper staining (all P.0.05). Image analysis COR values were 0.6 mm tarsal length, 0.1 mm tarsal height, 1.2 mm 2 tarsal area, and 0.4 mm 2 lid wiper staining. There was no significant difference between repeated measurements for any parameter (all P.0.05). Limits of agreement were narrow for all parameters, indicating good agreement between repeated measurements.
S
ymptoms of dryness and discomfort are frequently reported by soft contact lens wearers. 1, 2 Approximately one third of contact lens wearers experience these adverse symptoms to such a severity that their wearing habits are altered (e.g., they experience reduced comfortable or total wearing times) 1,2 or they discontinue their lens wear altogether. Contact lens discomfort (CLD) is the primary reason for contact lens discontinuation 1, 3, 4 and ultimately plays a significant role in limiting the growth of the contact lens industry. 5 The reasons why some wearers experience CLD are not fully understood. Extensive reviews in this area by Chalmers 6 and the TFOS International Workshop on Contact Lens Discomfort 7 have investigated the possible etiologies of CLD in detail. Factors affecting CLD include lens properties, such as lubricity, 8 wettability, 9 edge shape, 10 and factors related to the patient such as tear film characteristics 11 and the environmental conditions in which the lens are worn. 12 However, the relative contribution of these factors remains unclear, and our understanding of the causative mechanisms of CLD remains limited.
Lid wiper epitheliopathy (LWE) is an alteration of the marginal conjunctiva that is diagnosed by vital dye staining of the upper and lower lid margins. 13 Lid wiper epitheliopathy has been associated with symptoms of discomfort and dryness in both contact lens wearers and dry eye patients. [13] [14] [15] The prevalence of LWE varies between 67% and 80% in symptomatic contact lens wearers compared to only 13% to 32% in asymptomatic subjects. 13, 15 Although LWE is also observed in the lower eyelid, differences between symptomatic and asymptomatic subjects have been found only for the upper eyelid. 16, 17 Lid wiper epitheliopathy may be caused by increased frictional forces between the marginal conjunctiva and the ocular or lens surface during blinking resulting from inadequate lubrication. The rubbing action of the eyelids over the ocular or lens surface in the absence of a normal or compromised tear film may cause microtrauma to the epithelium of the marginal conjunctiva. 13, 16, 18 The tarsal conjunctiva is an area that has been widely investigated in contact lens wear because of its close proximity to the lens surface. [19] [20] [21] [22] Papillary conjunctivitis is a common complication in contact lens wear characterized by a papillary reaction accompanied by hyperemia and eventually mucous discharge that can cause symptoms of discomfort 23, 24 and frequently requires lenses to be discontinued for a period. 25, 26 Considering the direct mechanical interaction between the upper eyelid and the contact lens, the dimensions of the tarsal plate may be involved in CLD. Furthermore, it is still unknown whether the dimensions of the upper tarsal plate play a role in the degree of LWE observed. The dimensions of the upper tarsal plate could be related to the contact area between the eyelid and the ocular surface and the frictional forces generated by the eyelids during blinking, and potentially therefore related to the development of LWE. However, little attention has been given to the dimensions of the tarsal plate in the population. According to ophthalmic textbooks, the length of the upper tarsal area ranges between 24 and 30 mm and its height varies from 8 to 12 mm. [27] [28] [29] [30] Although the dimensions of the tarsal plate reported in ocular anatomy textbooks are widely quoted and accepted, the origin of these measures, the population from which they were taken, and the methodology used are difficult to determine.
The purpose of this work was to measure various dimensions of the upper tarsal plate as a reference to those active in the field, and the area of upper lid wiper staining with lissamine green in a group of normal, healthy, non-contact lens wearing subjects by analyzing digital images to assist future comparisons with contact lens wearers. The repeatability of the method of measurement used was also investigated.
MATERIALS AND METHODS
This work arose from a larger investigation on the sensitivity of the anterior eye, which has previously been documented. 31 The study followed the tenets of the Declaration of Helsinki, and ethics approval was obtained from the University of Manchester Committee on the Ethics of Research on Human Beings. All subjects were given information about the study before they signed a written consent form to participate.
The sampled population consisted of 35 healthy, non-contact lens wearers (20 women, 15 men; age 27.767.3 years). The ethnic origin of subjects was white (n¼24), Asian (n¼5), Indian (n¼4), and black (n¼2). Such a population is typical for an urban university population in the United Kingdom. An anterior eye examination was undertaken, and details of the ocular history were recorded to ensure that subjects met the inclusion and exclusion criteria outlined in Table 1 . A Topcon SL-D4 slitlamp (Topcon, Tokyo, Japan) with an integrated DV-3 camera was used to photograph the upper eyelid. Images were captured with a 14-mm circular beam of white light, under controlled lighting and ·10 magnification. The parameters investigated included length, height, and total area of the tarsal conjunctiva of the upper eyelid, and the area of lissamine green staining of the upper lid wiper. The height of the everted upper tarsal plate was defined as the distance from the superior limit of the lissamine green-stained line of Marx to the inferior limit of the tarsal conjunctiva (Fig. 1) . The length of the upper tarsal plate was defined as the distance from the inner border of the tarsal conjunctiva to external border of tarsal conjunctiva (Fig. 1) . Figure 2 shows the total area of the tarsal conjunctiva. All these parameters were measured using digital images of the right eye with ImageJ (V.1.46; National Institutes of Health, Bethesda, MD, http://rsbweb.nih.gov/ij/). The measurement scale was calibrated using an image of a ruler photographed with the slitlamp camera under the same settings used to capture the images of the eyelids.
To analyze lid wiper staining, lissamine green strips (GreenGlo; Hub Pharmaceuticals LLC, Rancho Cucamonga, CA) were soaked for 1 min in 0.9% sterile saline (Eye Care solutions; Crest Medical Ltd, Warrington, United Kingdom) and applied to the conjunctival sac. The same procedure was repeated 4 min after the first application. Images of the lissamine green staining of the everted upper eyelid were taken 1 min after the last instillation. Lid wiper staining was defined as the area of lissamine green staining that extended from the lacrimal punctum to the temporal canthus, and from the line of Marx to the subtarsal fold. 13, 14 The area of the stained line of Marx visible in most healthy eyes 32 was included in the measurement of lid wiper staining area. Figure 3 shows how the lid wiper staining of the upper eyelid was measured using ImageJ.
All measurements were carried out in a randomized and masked fashion on two separate occasions by the same investigator to investigate the repeatability of the image analysis process. 
Statistical Analysis
Statistical analysis was performed using JMP 10 (SAS Institute, Inc., Cary, NC). The Shapiro-Wilk W test was used to test for normality of the differences between the first and second measurements. Coefficients of repeatability (COR) and their 95% confidence intervals were calculated using the method recommended by Bland and Altman. 33 The COR is defined as 2.77 multiplied with the within-subject standard deviation of the two repeated measurements. In addition, COR were also expressed as the percentage of the absolute mean measurement. Differences between the first and second measurements were analyzed using a paired t test or the Wilcoxon signed-rank test when appropriate. Graphs of the differences against the means were plotted to explore the relationship between the measurement error and the size of the measurement. The 95% limits of agreement (LOA) were defined as the mean difference of the 2 repeated measurements 61.96 standard deviation of the test-retest differences, with narrow LOA indicating high repeatability. Correlation between variables was analyzed using Pearson correlation or Spearman correlation when appropriate. For all statistical tests, a two-tailed P,0.05 was considered significant.
RESULTS
One of the 35 images was considered to be poor quality and was not included in the analysis. Therefore, 34 images of the upper eyelid were analyzed. Table 2 shows all the dimensions of the upper tarsal plate and the area of lissamine green lid wiper staining. Overall, there was a large range in the size of the upper tarsal plate area (74.7-163.7 mm 2 ). 
There were significant correlations between the dimensions of the tarsal plate (length-height: Pearson r¼0.54, P¼0.001; length-area: Spearman r¼0.84, P,0.0001; height-area: Spearman r¼0.78, P,0.0001). The area of lid wiper staining was not correlated with any of the dimensions of the upper tarsal plate (all P.0.05). No significant differences in tarsal dimensions or lid wiper staining were found between females and males (all P.0.05). Table 3 shows the measurement errors for all parameters. The Shapiro-Wilk W test showed that the differences in repeated measurements were normally distributed (all P.0.05). There was no significant difference between the values of the first and second image analysis for any parameter (all P.0.05). Coefficient of repeatability values for all parameters are shown in Table 3 and should be interpreted with respect to the absolute values of measurements. Bland-Altman plots are shown for the length, height, and total area of the upper tarsal plate in Figure 4 , and the area of lid wiper staining in Figure 5 . All Bland-Altman plots showed no apparent relationship between the differences (between sessions) and the magnitude of measurement (Figs. 4 and 5 
DISCUSSION
This study has shown that there is a wide range in the dimensions of the upper tarsal plate in a normal population. Ophthalmic textbooks have previously reported variability in the size of the tarsal plate, with the average length varying between 24 and 28 mm and the height ranging from 8 to 12 mm. [27] [28] [29] [30] More recent studies have examined the dimensions of the upper tarsal plate in vivo. Bashour and Harvey 34 investigated the dimensions of the tarsal plate, age-related changes, and its relationship with involutional entropion and ectropion. Measurements were taken somewhat crudely using a plastic ruler, and the size of the tarsal plate reported in normal subjects was 20.7 mm in length, 9.0 mm in height and 187.8 mm 2 in area. Goold et al. 35 investigated the differences in the height of the tarsal plate between Japanese and white populations using in vivo measurements and microscopic examination. In vivo measurements showed an average height of 10.1 mm for the white upper tarsal plate and 8.2 mm for the Japanese upper tarsal plate. Although the results for the tarsal length are in agreement, the values of tarsal height and tarsal area found in this work are smaller to those reported in previous studies. Differences in the methodology may explain differences in the results, and in particular, the definition of the height of tarsal conjunctiva adopted in each study may be different. In the present study, the height of the everted tarsus was defined as the distance from the superior border of the lissamine green-stained line of Marx to the most inferior edge of the tarsal plate. In contrast, others may have measured the height of the tarsus from the line of the eyelashes. Additionally, the method used to calculate the area of the tarsal plate may also differ between studies. In the present study, the tarsal area was calculated using the polygon selection tool of ImageJ, which allows an area to be precisely selected and measured, whereas in the study by Bashour and Harvey, 34 the tarsal area was defined as the product of the tarsal height and length, which would clearly overestimate the true area. 34 Overall, the dimensions of the tarsal plate found in this study are smaller to those reported in ophthalmic textbooks. [27] [28] [29] [30] There is remarkably little information about the origin of the measurements reported in textbooks and, although not clear, some of these dimensions may have been obtained from cadavers with the obvious potential for changes to occur to the tissues postmortem. Because the measurements in this study were taken from digital images of the everted upper eyelid, these dimensions may be different from those obtained by histologic measurements, but the assessment of in vivo images may be superior to using ex vivo samples. The dimensions of the upper tarsus were similar between females and males. The evidence for association between the size of the tarsal plate and gender is equivocal. Some studies have reported larger tarsal plates in males than in females, 34 whereas others have found no differences between the two groups. 35 Subjects were not excluded from the study based on their ethnic origin and this could have affected the results. Four Asian subjects were included in the study. Ethnic or racial differences exist in ocular anatomy, 36 and, in particular, anatomical differences of the upper eyelid between Asian and non-Asian populations have been well documented in the literature. 37, 38 However, there are less data about differences in the dimensions of the upper tarsus between ethnic groups. A previous study has shown that the height of the upper tarsal plate in Japanese eyelids is 2 mm shorter than that of white eyelids. 35 Investigating the ethnic differences in the size of the upper tarsal plate was outside the scope of this study, and we believed that few Asian subjects included in the study is unlikely to have affected the data.
The staining of the lid wiper using vital dyes is most commonly graded subjectively using the grading scales developed by Korb et al. 13, 14 These scales evaluate the horizontal extension (from lacrimal punctum to temporal canthus) and the sagittal height (from the line of Marx to the subtarsal fold) of vital dye staining of the lid wiper. These two characteristics are graded from 0 to 3, and the total grade is taken as the average of the two scores. In this study, lid wiper staining was assessed by analyzing digital images using ImageJ, which calculates the area (in square millimeter) of lissamine green staining. Some studies have reported a greater prevalence of LWE in symptomatic contact lens wearers compared to asymptomatic subjects, 13, [15] [16] [17] 39 whereas others have been unable to find an association between lid wiper staining and symptoms. [40] [41] [42] Lid wiper epitheliopathy is believed to be caused by increased friction between the lid wiper and the ocular surface because of inadequate lubrication. 13, 16, 18 It can be believed that the dimensions of the upper tarsal plate could play a role in the development of LWE and potentially therefore also a role in CLD. However, the results of this study showed no relationship between the dimensions of the tarsal plate and the area of lid wiper staining. Furthermore, lid wiper staining was similar between females and males. Previous studies have reported that lid wiper staining in soft contact lens wearers is independent of age, gender, or ethnicity. 43 Future work should investigate the relationship between the dimensions of the upper tarsal plate and CLD.
The COR values estimate the maximum difference likely to occur for 95% of pairs of observations, with low COR values indicating high repeatability. The COR values for the image analysis reported in this study were overall small for all parameters and were independent of the magnitude of the measurement. When the repeatability of a technique is evaluated, it is useful to describe the measurement error as a proportion of the absolute magnitude of the measurement. In this study, the COR values expressed as a percentage of the mean measurement were 1% for tarsal height, 3% for tarsal length, 1% tarsal area, and 14% for lid wiper staining. The most repeatable measures were the tarsal height and area, followed by the tarsal length. It is reasonable to state that a mean COR smaller than 5% represents excellent repeatability. Although measures of the area of upper lid wiper staining were less repeatable (i.e., greater COR) compared to measures of the tarsal dimensions, mean COR were smaller than 15%, which represents acceptable repeatability and adds validation to the method. Mean differences between the first and second sessions were close to zero, and 95% LOA were small suggesting good repeatability. This work shows that ImageJ is a repeatable method to measure the dimensions of the upper tarsal plate and the area of lissamine green staining of the upper lid wiper. Even though agreement between sessions was good, digital analyses of images using ImageJ software may be too time-consuming for use in the daily routine of a clinical practice, and this methodology may be more appropriate for research purposes.
The characterization of the dimensions of the upper tarsal plate may contribute overall to a better understanding of the pathogenesis of eyelid disorders, and particularly in the area of contact lenses, this work may help to understand the interaction between the lens surface and the tarsal conjunctiva and its potential role in the development of lens-related complications, such as papillary conjunctivitis and CLD. In summary, there was a wide range in the dimensions of the upper tarsal plate in normal, healthy non-contact lens wearers. No differences were found in tarsal dimensions or lid wiper staining between females and males. Additionally, this study showed no association between lid wiper staining and the dimensions of the upper tarsal plate. Future research should be conducted to investigate the relationship between the dimensions of the upper tarsal plate, LWE, and comfort in contact lens wearers.
